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Abstract 
 
This paper summarizes recent work at the University of Illinois on the fundamental mechanisms 
of hydrogen embrittlement.  Our approach combines experimental and theoretical methods. We 
describe the theoretical work on hydride formation and its application to hydrogen embrittlement 
of Ti alloys through the stress-induced hydride formation and cleavage mechanism, the 
localization of shear due to solute hydrogen, and finally, we present experimental evidence that 
favors the decohesion mechanism of hydrogen embrittlement in a β-Ti alloy. 
 
Preface 
 
It is with the greatest pleasure and honor that we dedicate this paper to our friend and colleague 
Professor Howard K. Birnbaum of the University of Illinois at Urbana-Champaign, who, in our 
opinion, has made major contributions to our understanding of the behavior of hydrogen in 
metals, and to the field of hydrogen embrittlement in general.  During our careers he has been an 
excellent role model with exceptionally high scientific and ethical standards, and he has had a 
profound effect on our research and teaching.  Without Howard’s help, encouragement, 
guidance, and friendship the work presented in this paper would not have been possible. 
  
Introduction 
 
Our previous experimental and modeling work has focused on establishing the influence of 
hydrogen on the mobility of dislocations throughout a metal; see review papers (1, 2) and 
references therein for details.  In our studies solute hydrogen enhanced the mobility of all 
dislocation types (edge, screw, and mixed perfect, and partial dislocations) and occurred in a 
wide range of metals and alloys with different crystal structures.  The generality of the effect has 
been explained in terms of the hydrogen-shielding model in which the presence of hydrogen 
atmospheres around dislocations and elastic obstacles decreases the interaction energy between 
them (3).  This effect manifests itself as a reduction in the applied stress required to move 
dislocations in the presence of solute hydrogen and causes highly localized deformation (4-9), 
which in turn results in highly localized failure by plastic processes. (It is important to appreciate 
that this dislocation enhancement mechanism by solute hydrogen is fundamentally different from 
the one proposed by Lynch (10, 11), which is restricted to hydrogen enhancing the injection of 
dislocations from the surface.)  In this paper we summarize more recent work on the stress-
induced hydride formation and cleavage mechanism, the localization of plasticity due to solute 
hydrogen, and hydrogen-induced decohesion. 
 
Hydride Formation and Cleavage 
 
The stress-induced hydride formation and cleavage mechanism is one of the well-established 
hydrogen embrittlement mechanisms with extensive experimental and theoretical support (12, 
13).  The nucleation and growth of an extensive hydride field ahead of a crack has been observed 
dynamically in α-Ti (14) charged from the gas phase in situ in a controlled environment 
transmission electron microscope (15).  The hydrides first nucleated in the stress-field of the 
crack and grew to large sizes not by the growth of individual hydrides but by the nucleation and 
growth of new hydrides in the stress field of the others.  These small hydrides grew together to 
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form the larger hydrides.  This autocatalytic process of hydride nucleation and growth can be 
seen in the images in Figs. 1a and 1b.  These images were captured from videotape and show two 
hydrides, which are outlined for purposes of clarity. Hydride 2 nucleated in the stress field of 
hydride 1 and the overall growth direction of the hydride is as indicated.  This nucleation and 
growth process continued as long as the hydrogen supply was continually replenished.  
Associated with the formation of the hydrides is a volume expansion, which can be as large as 
30%.  The accommodation mechanisms are seen in the images. The change in contrast adjacent 
to the hydrides is evidence of elastic accommodation.  Plastic accommodation also occurs as 
evidenced by the emission of dislocations from the front of the growing hydride, Fig 1c.  For this 
sample orientation the dislocations emanating from the hydride appear as simple black-white 
lobes as their line direction is parallel to that of the electron beam.  The extensive hydride field 
that developed ahead of the crack is shown in Fig. 1d.  To successfully calculate and simulate the 
development of the hydride field it is therefore essential that elastic-plastic accommodation 
effects be taken into account.   
 
 
Hydride formation under an externally applied stress in a matrix deforming only elastically is 
characterized by the terminal solid solubility (TSS) (the local solvus concentration)  cs
σ , 
measured in hydrogen atoms per solute atom, and is given by  
 
 
 
c d
 
Figure 1: Nucleation and growth of hydrides (a and b).  Dislocation 
emission from a growing hydride (c).  Hydride field ahead of a 
crack (d).  Material is α-Ti (14). 
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In Eqn. (1),   B  is an experimentally determined constant and  ∆Gα −β
tot  is the total Gibbs free 
energy change in forming a mole of hydride phase β  from the solid solution phase α .  Under an 
externally applied stress   ∆Gα −β
tot  is given by 
 
 
   ∆Gα −β
tot = ∆Gα −βchem + ∆Gα −βsur + ∆Gα −βacc + ∆Gα−βint ,  (2) 
 
where   ∆Gα −β
chem is the chemical Gibbs energy change associated with hydride formation,  ∆Gα −β
sur  
is the free energy needed for the creation of the interface,  ∆Gα −β
acc =Wacc  is the accommodation 
energy and   ∆Gα −β
int =W int  is the elastic interaction energy.  As shown in Fig. 1, the assumption 
of purely elastic accommodation is not strictly applicable as the hydride volume expansion is 
accommodated both elastically and plastically.  Previous attempts to include plasticity effects 
neglected the externally applied stress and, incorrectly, assumed that the interaction between the 
externally applied stress and the hydride expansion could, as it can in the elastic solution, be 
simply superimposed on the accommodation term. 
 
To address this problem, Lufrano et al. (16) have modeled the constitutive material behavior as 
isotropically linear in the elastic regime and by the Prandtl-Reuss equations in the plasticity 
regime.  The total Gibbs free energy of hydride formation under an externally applied stress for 
an elastoplastic system can be written as 
 
 
   ∆Gα −β
tot = ∆Gα −βchem + ∆Gα −βsur + ∆Gα −βmech ,  (3) 
 
 
where   ∆Gα −β
mech  is the total mechanical free energy of hydride formation and   ∆Gα −β
mech  is given by 
 
 
 
  
∆Gα −βmech = ∆Gα −βe + ∆Gα −βp + ∆Gα−βext . (4) 
 
   
In Eqn. (4)   ∆Gα −β
e  is the elastic work done on the system (matrix+hydride) and is stored in the 
system as elastic energy, 
  
∆Gα −βp  is the plastic work dissipation, and  ∆Gα −β
ext  is the work done by 
external loads against the matrix displacement upon hydride formation.  The change in elastic 
energy stored in the system,   ∆Gα −β
e , can be evaluated with the use of 
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∆Gα −βe = σijDijedt
t
∫   
 
  V∫ dV ,  (5) 
 
 
where   σ ij  is the local Cauchy stress,  Dij
e  is the elastic component of the deformation rate tensor 
(which equals the symmetric part of the velocity gradient in spatial coordinates),   t  is the time of 
formation, and   V  is the volume of the system (matrix+hydride).  The plastic work done on the 
system, 
  
∆Gα −βp , can be evaluated with the use of 
 
 
 
  
∆Gα −βp = σ ijDijp dt
t
∫   
 
  V∫ dV , (6) 
 
 
where 
  
Dij
p  is the plastic component of the deformation rate tensor.  The work done by the 
external tractions,   ∆Gα −β
ext , can be evaluated with the use of 
 
 
 
  
∆Gα −βext = Tiextvidt
t
∫   
 
  S∫ dS , (7) 
 
 
where   S  is the surface bounding the volume  V ,  Ti
ext  is the component of the applied traction on 
  S , and   vi  is the component of the surface velocity.  Numerical calculations were carried out to 
estimate the total mechanical energy of formation of a hydride precipitate with an isotropic 
linearly elastic response in an infinite niobium matrix with an isotropic linearly elastic, perfectly 
plastic response under plane strain conditions.  In this treatment, it was assumed that the entire 
volume of the precipitate uniformly acquires the transformation strain that accompanies hydride 
formation.  The results of the calculations can be summarized as follows.  For purely elastic 
accommodation, the solvus concentration of hydrogen in solution is  
 
 
 
  
cs
σ = 3.74exp −10.6kJ / mole
RT
 
 
 
 exp
W int
RT
 
 
 
 , (8) 
 
 
and when elastoplastic effects are accounted for it becomes 
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cs
σ = 3.74exp −12.6kJ / mole
RT
 
 
 
 exp
∆Gα −βmech
RT
 
  
 
  . (9) 
 
 
With the solvus concentration known it was possible to calculate the hydride field by coupling 
the stress enhanced hydrogen diffusion with the material elastoplastic deformation at a crack tip.  
The hydrogen distribution was calculated by a full transient finite element analysis at each 
instant of time and the concentration was compared point-wise with the terminal solubility.  
Hydrides were formed if the point-wise concentration exceeded the terminal solubility in 
accordance with the Lever rule.  The formation of the hydride of course alters the local stress 
field and requires recalculation of the hydrogen distribution and the terminal solubility.  The 
present calculation is essentially a probabilistic one and does not address the issues associated  
 
 
with hydride shape or the kinetics of the formation of an actual hydride particle.  This yields a 
point density of the hydride termed the "local hydride volume fraction", i.e. the probability of 
finding a hydride particle at a given location.  The results of these calculations with and without 
plasticity included are compared in Fig 2.  Clearly, without the inclusion of plasticity effects the 
extensive hydride field that is observed experimentally, Fig 1(d), is not obtained.   
 
 
Figure 2: Comparison between purely elastic and elastoplastic accommodation of 
hydride formation ahead of a crack in niobium. 
a       ELASTIC EFFECTS ONLY   b   ELASTOPLASTIC EFFECTS        
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C
R
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Hydrogen Effect on Plastic Shear Localization 
 
The shear localization due to solute hydrogen is well documented experimentally but a 
theoretical explanation is lacking (7). In the hydrogen-containing alloy, localized slip produced 
steps as large as 1 µm and these resulted in shear band failure.  In contrast there was no 
localization of slip in the uncharged material.  In this section a solid mechanics approach to shear 
localization in the presence of hydrogen is summarized.  The approach is based on the analysis 
proposed by Rice and Rudnicki (17, 18) that localization of deformation into shear bands occurs 
due to an instability in the rate of equilibrium governing equations for the homogeneous 
deformation of a material.  Rudnicki and Rice (18) have shown that shear banding (or bifurcation 
of the solution) occurs when the tangent plastic modulus ph d dσ ε=  (which is always positive 
for work-hardening materials and continuously decreases with accumulating effective plastic 
strain pε ) becomes equal to a critical hardening modulus crh , which depends on material 
parameters and the level of stress. The critical hardening modulus is defined by  
 
 
 
( ) ( )
( )( )
( ) ( )( )
2
2
2 2
2
0
1 1
9 1 2 3
4 3 1
sin 2
24 3 1
cr
II
II e e
h N
G
N
O
G G
ν ν β µβ µν
ν σ σβ µ θν
+ + + = − − + −  
− +  + − +  −  
,  (10) 
 
  
where ν  is Poisson’s ratio, G  the shear modulus, ( ) ( )0tan III IN Nθ ξ ξ= − − , 
3i i eN σ σ′= , , ,i I II III=  denotes the three principal stress directions, iσ ′  the principal 
deviatoric stress, eσ  the von Mises effective stress, ( )( ) ( )1 3 1IINξ ν β µ ν = + + − −  , β  the 
plastic dilatancy factor, µ  the pressure sensitivity of yield, and the loading is such that 
NIII < ξ < NI .   
In the absence of hydrogen and in the case of plane strain deformation, the critical modulus crh  
is less than zero, and therefore the condition for the bifurcation instability crh h=  is not normally 
satisfied.  Sofronis et al. (19) have recently demonstrated that crh  also depends on the hydrogen 
concentration and applied stress such that it becomes positive at some critical hydrogen 
concentration.  Consequently, if the condition crh h=  is satisfied locally shear banding becomes 
possible.  The hardening modulus is also dependent on the hydrogen concentration, 
1
3
Y Y
p p
ch
c
σ σ
ε ε
∂ ∂ ∂ = + ∂∂ ∂  , where Yσ  is the flow stress and c is the hydrogen concentration 
measured in atoms of hydrogen per solvent atom.  The effect of hydrogen on h  is small in 
comparison to that on crh .  
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To calculate the dependence of crh and h  on the hydrogen concentration, the amount of 
hydrogen in the material strained in plane strain uniaxial tension was calculated by considering 
the extent of plastic straining (trapped hydrogen) and hydrostatic stress (hydrogen in normal 
interstitial lattice sites).  In view of the very high mobility of solute hydrogen, the hydrogen 
concentration in trap sites was assumed always to be in equilibrium with hydrogen in interstitial 
sites, which is also assumed to be in equilibrium with local hydrostatic stress.  The calculated 
hydrogen concentration was then used to estimate the amount of material softening as reflected 
in the corresponding local flow stress curves (8, 20-24).  Figure 3 shows the result of these 
calculations for h  and crh  versus macroscopic strain for a bulk initial hydrogen concentration of 
co= 0.3 in the absence of stress.  The critical hardening modulus increases rapidly with strain and 
assumes a positive value.  The point where the two curves intersect indicates the level of the 
applied load at which shear banding occurs. 
 
Figure 4 shows the normalized true (logarithmic) strain at localization plotted against the initial 
hydrogen concentration for work hardening exponents n = 5 and n = 10.  At hydrogen 
concentrations co < 0.29, the softer material n = 10 requires a higher strain to achieve the stress 
triaxiality to produce the hydrogen concentration needed to cause localization.  At hydrogen 
concentrations above 0.29 material softening dominates and the high stress triaxiality is not so 
important in satisfying the condition that crh h= .  Thus, the present model simulations, which 
are based on experimentally verified effects, softening and lattice dilatation, predict that 
hydrogen induced localization of plastic deformation in the form of bands of intense shear is a 
possible deformation mechanism at the macroscale.  The numerical results overestimate the 
macroscopic strain required for localization as predicted by experiments.  It is, however, well 
known that the von Mises flow theory dramatically overestimates the bifurcation strain.  
Furthermore, the calculated hydrogen effect can be intensified quantitatively by considering 
Figure: 3. Dependence of the critical, crh , and the tangent modulus, h , on the macroscopic 
strain for an initial hydrogen concentration of H/M = 0.3. 
ε22/ε0
0 100 200 300 400-0.01
0
0.01
0.02
h
hcr
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more effective trapping modes of hydrogen such as in the form of atmospheres in the presence of 
higher stress triaxialities such as those ahead of a crack tip. 
 
 
Hydrogen–Induced Decohesion 
 
Of all the proposed hydrogen embrittlement mechanisms, decohesion is the one most often cited 
as the cause of hydrogen-induced failure.  In its simplest form this model asserts that hydrogen 
lowers the cohesive strength of the solid and, consequently, materials fail at lower applied 
stresses.  There are, however, no direct measurements of such an effect and the experimental 
support is circumstantial.  Our lack of knowledge of the dependence of the cohesive strength on 
the hydrogen concentration illustrates a key issue in that the minimum concentration needed to 
have a marked effect on the mechanical properties is unknown.  In this section, the results of 
experiments designed to test the possible embrittlement mechanisms in the beta-Ti alloy 
Timetal® 21S are summarized (25). 
 
This alloy when heat-treated to produce a single-phase microstructure exhibits about 27% 
ductility when tested in air at room temperature.  This ductility is maintained even with a 
hydrogen concentration of H/M =0.21 (17.7 at % H).  At concentrations higher than 0.21, the 
ductility is reduced to zero and the fracture mode changes from one of ductile microvoid 
coalescence to transgranular cleavage failure, Fig 5.  The cleavage facets show evidence of 
plasticity in the form of tear ridges, small dimples and a high density of dislocations vicinal to 
the fracture surface, see for example Fig 5f and 5g.  Mechanical property tests showed that there 
was no measurable effect of hydrogen on Young’s modulus, and that the 0.2% offset yield 
strength decreased with increasing hydrogen content.  The crack initiation load (a measure of the 
fracture toughness) was measured at 248 K and it decreased with increasing hydrogen 
concentration up to H/M = 0.28 and then remained constant as the hydrogen content was 
increased further.  Limited tests at 298K showed the same trend as at 248 K. 
 
The loss of ductility for a small increase above a critical level might suggest that stress-induced 
hydride formation and cleavage was occurring.  However, the beta phase lattice parameter 
Figure 4:  Normalized macroscopic strain at localization as a 
function of the initial hydrogen concentration, co. 
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increases linearly with increasing hydrogen content over the entire hydrogen concentration range 
studied, which is not consistent with the formation of hydrides.  In addition x-ray diffraction and 
transmission electron microscopy failed to detect any hydrides on or near the fracture surface of 
the brittle specimens.  To test the possibility that the hydrides nucleated in the stress field of the 
crack and then returned to solid solution following passage of the crack and relief of the stress 
concentration, electron transparent samples were deformed in a gaseous hydrogen environment 
in a controlled environment transmission electron microscope. Similar experiments in alpha-Ti 
produced an extensive hydride field that continued to expand as long as there was a supply of 
hydrogen, see Fig. 1.   The cracked beta-Ti sample was exposed to 70 torr of hydrogen gas at 
room temperature for 7 days but no hydride field developed.  Thus, the stress-induced hydride 
formation and cleavage mechanism is not responsible for the sharp drop in ductility at H/M > 
0.21. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
During the in-situ controlled environment TEM experiments it was observed that hydrogen 
enhanced the velocity of dislocations in both ductile and brittle samples.  Although the hydrogen 
enhanced localized plasticity mechanism operates in Timetal® 21S it cannot account for the 
abrupt ductility loss as the enhancement will increase with hydrogen concentration and the effect 
is observed in both ductile and brittle materials.  The last viable mechanism that can account for 
all of the experimental observations is the decohesion mechanism.  As in all other experiments 
the evidence is circumstantial and is arrived at after the other viable mechanisms have been 
experimentally tested and discounted.  A critical issue is the hydrogen concentration needed to 
cause a significant reduction in the fracture energy.  Unlike in many previous studies the 
hydrogen concentration at which embrittlement occurs in Timetal® 21S is large.  A crude 
estimate of the decrease in the fracture energy can be obtained from the heats of solutions and 
absorption and the critical hydrogen concentration at the transition.  No stress enhancement of 
the hydrogen concentration is considered, as the crack propagation rate was fast, 10 mm in less 
than one second.  Unfortunately, the thermodynamic properties of this alloy are not available in 
the literature, but assuming, for the purpose of discussion, that the values are similar to those in 
titanium ( adsH∆  and solnH∆  are –169 kJ mol-1 H2 and –113.3 kJ mol-1 H2, respectively), and that 
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cleavage occurs on a {110}-type plane, the decrease in fracture energy is approximately 8% of 
the surface energy of Ti.  This is a relatively small change in fracture energy even for such a high 
hydrogen concentration.  Following the argument of Jokl et al. (26) in which the local critical 
stress intensity factor depends on the cohesive energy as shown schematically in Fig. 6 and 
assuming that the cohesive energy can be changed by impurities, then solute hydrogen can cause 
embrittlement provided it reduces the cohesive energy below crγ .  It should be noted that a 
reduction in cohesive energy also reduces the local critical stress intensity at which the transition 
occurs and this would necessarily be accompanied by a decrease in plasticity, as it is the same 
stress field that is responsible for both processes.  It is this combined effect that explains the 
sharp loss of ductility and the reduction in the localized plasticity. 
 
Conclusion 
 
 It has been shown that to simulate the distribution of hydrides ahead of a stress 
concentration it is necessary, as is observed experimentally, to consider both elastic and plastic 
mechanisms for accommodating the volume expansion associated with the forming hydride.  
Analytical calculations have been performed to substantiate the experimental observation that 
shear localization occurs during deformation in the presence of hydrogen.  The shear localization 
arises from the effect of hydrogen on the tangent and critical moduli, which govern the 
bifurcation condition.  Lastly, we have shown experimentally that decohesion is responsible for 
the loss of ductility observed in Timatel® 21S, a beta titanium alloy. 
 
Figure 6: Localized critical stress intensity as a function of cohesive energy. 
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